We present a review of standing-wave fluorescence techniques with x-rays and neutrons for the element-specific structural investigation of interfaces. The basic principles are introduced and typical measurement configurations with their advantages and limitations are compared. An overview of studies dealing with various types of interfaces is given. In particular, work on soft and biological matter in planar, interfacial geometries is discussed.
1.) Introduction
The characteristics of soft matter in the vicinity of interfaces govern a multitude of phenomena in biology, technology and biotechnology. The architecture of functional biomolecular assemblies, the texture foams, or the performance of biocompatible surfaces depend on the way molecules and ions self-organize near the "soft" interfaces between a liquid phase on one side and a solid, a liquid, or a gas phase on the other side [1, 2] . Key components of biological matter often exhibit interfacial geometries. Biomembranes, for instance, can be viewed as two-dimensional molecular architectures mainly composed of lipids and proteins in an aqueous environment [3, 4] . In order to understand the diversity of phenomena at soft interfaces, well defined model systems with planar geometries have been established, including molecular monolayers at liquid/gas [5] and liquid/liquid [6] interfaces as well as molecular mono- [7] , bi- [8] , and multilayers [9] on planar solid supports, among others. They have been investigated in various aspects including structure [10, 11] , mechanics [9, 12, 13] , and dynamics [14] . Processes at soft interfaces typically involve the spatial reorganization of molecules, changes in molecular conformations, or the adsorption of ions or molecules in a chemically heterogeneous environment [15, 16] . Structural insight on the nanometer scale is therefore a prerequisite to understand the complex behavior of molecular assemblies and the associated molecular interactions.
X-ray and neutron scattering are powerful tools to study the structure of interfaces at molecular length scales [17, 18] . In contrast to other surface probes with high spatial resolution, such as atomic force or electron microscopy, they can access "buried interfaces", are usually non-destructive, and can be used under a wide range of conditions including ambient and physiological conditions. Scattering techniques have substantially contributed to our understanding of the structure of soft interfaces. They become especially powerful when samples possess planar geometry, allowing the specific probing of structures perpendicular and parallel to the surface. While grazing-incidence small-angle scattering yields information on the in-plane structure of an interface [11] , reflectometry reveals matter density profiles perpendicular to the interface [18] . However it is generally difficult to elucidate molecular conformations and elemental distributions from such "global" density profiles. In contrast, standing-wave fluorescence techniques are suited to determine element-specific density profiles across an interface at sub-nm resolution.
Standing waves (SW) are generated wherever the interference of coherent waves occurs. Significant spatial intensity variations in the SW emerge when the intensity of the two waves is of comparable magnitude. In the 1960s, Batterman and coworkers demonstrated that the interference of partial xray waves coherently diffracted from the lattice of a crystal can give rise to an x-ray standing wave (XSW) inside the crystal [19] . The XSW exhibits periodic nodes and antinodes (minima and maxima) which are located in defined spatial relations to the atoms of the crystal lattice. The positions of nodes and antinodes depend on the angle of incidence of the x-ray beam with respect to the crystal orientation. Element-characteristic fluorescence is induced by the XSW via photoelectric ionization. Close to a Bragg condition the nodes and antinodes are most pronounced and therefore give rise to enhancement or reduction of the fluorescence from the various elemental species in the crystal [20] . As a result, the precise position of the elements in the crystal lattice is encoded in the dependence of the fluorescence intensity on the incident angle around the Bragg condition and can be reconstructed. At the beginning, this method was mainly used for the investigation of bulk crystalline materials, for instance in order to localize foreign atoms in the lattice [21] . Later, XSW fluorescence was also used to determine the precise positions of adsorbed atoms at crystal surfaces [22, 23] . Application and theory of XSW fluorescence measurements with crystalline materials are described in detail in a review by Zegenhagen [24] .
Neutron standing waves (NSW) were first identified indirectly, from "anomalous" neutron absorption [25, 26] . Namely, absorption is enhanced when the antinodes of a standing neutron wave in a crystal overlap with neutron-capturing nuclides. Only much later, Zhang et al. [27] measured the characteristic fluorescence of Gd purposefully induced by NSW.
Since these early demonstrations, SW fluorescence with x-rays and neutrons has gradually been further developed and has become applicable for the investigation of non-crystalline soft-matter systems and interfaces. When dealing with soft interfaces, studies typically investigate the nanometric distribution of elements perpendicular to the interface. In this case, the atomic structure of the matter and its influence on the reflection of x-rays and neutrons can usually be neglected. In this article we review SW fluorescence techniques with x-rays and neutrons for the structural investigation of surfaces with a focus on various types of soft interfaces.
2.) Standing-wave fluorescence at interfaces
In a SW fluorescence experiment at an interface and irrespective of the type of incident radiation, the characteristic fluorescence of the species j of interest is recorded as a function of the angle of incidence θ at which the beam impinges onto the interface. Here, species may denote either an element or a nuclide. X-rays induce characteristic fluorescence via photoelectric ionization of chemical elements. The energy of the incident beam is typically at the order of 10 4 eV and must exceed the relevant absorption edge of the chemical element of interest. Neutrons induce characteristic fluorescence via neutron capture by certain nuclides and subsequent relaxation processes involving the emission of particles and photons in the hard x-ray or γ range [28] . In a SW fluorescence experiment, the angle-dependent fluorescence intensity from species j, I j (θ), then encodes the density profile along the z direction (or "depth profile") ρ j (z) of that species near an interface. Namely, I j (θ) is proportional to the spatial integral over the product of ρ j (z) and the known angle-dependent standing wave intensity Φ(θ, z):
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With that, Eq. 1 allows reconstructing the density profile of a species from the angle-dependent characteristic fluorescence of that species. For a given incident angle θ, Φ(θ, z) follows from the interfacial scattering length density (SLD) profile and can be computed from a suitable slab model representation of the SLD via the phase-correct summation of all reflected and transmitted partial waves [29] as has been described previously [30, 31] . A j (z) in Eq. 1 denotes the depth-dependent transmission of the emitted fluorescence of species j. It accounts for the fact that the fluorescence from regions buried more deeply in the layers is attenuated more strongly on its way to the detector [32] . In many cases, however, for instance when the target elements are confined in nanometric layers, the depth dependence of the attenuation can be safely neglected (A j ≈ const). B is a pre-factor determined by the fluorescence yield of species j and the detection efficiency, which in general also depends on the incident angle [33] .
As implied in the introduction, SW fluorescence experiments generally require standing waves with pronounced spatial intensity variations. This in turn requires that the intensity of the reflected waves is comparable to that of the incident wave. Fig. 1 schematically illustrates typical measurement configurations where strong reflections are exploited in order to generate strongly modulated standing waves in the vicinity of the planar interface of interest: a) An interface between two homogeneous media (Fig. 1a) . Total reflection from the interface is achieved when the interface is illuminated through the medium of lower SLD (medium 1) at an incident angle θ below the critical angle of total reflection θ c for this configuration. As shown in the corresponding reflectivity curve (Fig. 1a bottom) , the reflectivity drops rapidly for θ > θ c . The total reflection below θ c gives rise to a long-period SW in medium 1 (Fig. 1a top) . Only the exponentially decaying evanescent tail of the SW reaches into medium 2. As θ is increased from zero to θ c , the nodes and antinodes in medium 1 move towards the interface while the period becomes gradually smaller. At the same time the decay length of the evanescent wave in medium 2 increases until it diverges at θ c [17] . The standing waves are schematically depicted exemplarily for incident angles far below and close to θ c , as indicated in the corresponding reflectivity curve. It is seen that different regions in the vicinity of the interface are probed by the SW for the two angles.
b) Thin layers at the interface between two homogeneous media (Fig. 1b) . The situation is qualitatively similar to the one in Fig. 1a , but the SW assumes slightly more complex shapes due to the contribution of additional partial waves present within the layers. Moreover, layers at the interface in general shift the positions of nodes and antinodes.
c) A homogeneous medium in contact with a periodically structured solid (Fig. 1c ). Close to a Bragg condition of the periodic structures at θ B , the beam is strongly reflected, as schematically depicted in the corresponding reflectivity curve (Fig. 1c bottom) . The Bragg condition typically occurs at angles much higher than the critical angle of total reflection (θ B >> θ c ), so that the SW formed in medium 1 is characterized by a shorter period (Fig. 1c top) which coincides with that of the periodic solid structure. As θ is increased through the strong reflection condition, the nodes and antinodes of the standing wave gradually move towards the interface by half a period and probe structures within one period with high spatial resolution.
An instructive description of the behavior of standing waves in total reflection and Bragg reflection conditions is given in [34] .
3.) Standing-wave fluorescence with x-rays
Since the first demonstration of fluorescence induced by x-ray standing waves in bulk crystalline materials by Batterman [20] , the technique has been adapted also for planar geometries.
3.1.) Solid surfaces
The first fluorescence measurements under conditions of total reflection of x-rays were carried out by Yoneda and Horiuchi [35] . Their measurement configuration corresponds to Fig. 1a , where medium 1 is air and medium 2 is a planar solid. Using the same configuration, Becker et al. [36] illuminated a planar Ge surface with x-rays around the critical angle of total reflection and measured the angle-dependent fluorescence of Ge. The results were compared to theoretical models in the spirit of Eq. 1 and remarkable agreement was achieved.
3.1.1.) Material on solid surfaces
In the aforementioned pioneering study by Yoneda and Horiuchi [35] traces of NiCl 2 salt were deposited on a glass surface. Due to the rapidly decaying evanescent tail of the SW in the glass (see Fig. 1a , medium 2), only a nanometer-thin region of the material is illuminated, so that undesired fluorescence background is dramatically reduced. As a consequence, Ni was detected from its characteristic fluorescence with unprecedented sensitivity. The sensitivity limit was predicted to be at the level of nanograms, which was later confirmed by Aiginger & Wobrauschek [37] . The same technique was later applied for the trace elemental analysis of solids [38] and impurities in liquids [39] with minimal sample amounts. The field of trace analysis using fluorescence under total x-ray reflection has been reviewed by von Bohlen [40] and by Klockenkämper [41] .
3.1.2.) Thin solid films on solid substrates
XSW fluorescence was used for the study of solid layered structures on top of solid substrates, corresponding to the configuration illustrated in Fig. 1b . Weisbrod et al. [32] determined density profiles of Si, Pd, Fe, Ni, Cr in thin solid layers one of which was formed by a alloy of Ni, Fe, and Cr. Barbee and Warburton [42] deposited a sub-nanometer thin layer of Hf on top of a Pt/C multilayer with about 3 nm periodicity. They measured and modeled the angle-dependent Hf and Pt fluorescence in total reflection but also in Bragg reflection. The latter corresponds to the configuration illustrated in Fig. 1c , when medium 1 is air and the thin Hf layer is located right at the interface between the periodic structure and medium 1. In that study, for the first time a synthetic structure with a purposefully chosen periodicity was designed to generate an XSW with a period of few nanometers. An overview on XSW fluorescence studies on thin solid films is given in a review article by Stoev and Sakurai [43] .
3.1.3.) Thin organic films on top of solid surfaces
Nakagiri et al. [44] deposited surfactant multi-bilayers on a planar solid support. The periodic internal structure of this organic film was exploited to generate a Bragg reflection that led to the formation of an XSW at the interface and within the multi-bilayers. Compare Fig. 1c when medium 1 is air and the periodic layers represent the organic film with periodic internal structure. The surfactant headgroup regions were selectively loaded with Pb or Mn, of which the fluorescence was induced with the angle-dependent XSW. In this way, the positions of Pb and Mn were determined from their angledependent characteristic fluorescence. Bedzyk et al. [34] used XSW fluorescence to study the structure of an organic film on top of a substrate with periodic W/Si multilayers. The film was formed by three surfactant monolayers, selectively loaded in the headgroup region with Zn or Cd. The distributions of these heavy atoms, characterized by their center positions and their widths, were determined with a resolution of a few angstroms as a function of the temperature. Fig. 2 shows the angle-dependent reflectivity (bottom curve) and the Zn K α fluorescence intensities for various temperatures. Solid lines are the best-matching theoretical curves corresponding to different positions and widths of the Zn distribution. In addition to the Bragg reflection configuration ( Fig. 1 c, when the organic layer sits on top of the periodic structure), which yielded the high spatial resolution, also the total reflection configuration, which probes a larger spatial range, was realized in order to obtain unambiguous results. In a subsequent study by the same group, the distribution of Zn confined at about 20 nm from the reflecting surface in a surfactant multilayer architecture was determined with remarkably high spatial resolution [45] , demonstrating the great potential of longperiod XSW as generated in a total reflection configuration. Later, heavy atoms were localized in the same way in even larger organic architectures and larger distances from the reflecting surface [46] and the influence of the roughness of the reflecting surface on the effective width of elemental distributions was discussed [47] . Similar approaches were used by another group to study Mn and Pb loaded stearic acid in multilayers on solid substrates [48] and Pb atoms in thin protein/lipid films deposited on solid substrates before and after treatment with a Pb-chelating agent [49] . More recently, ion distributions in polyelectrolyte multilayers were studied [50] . Br -ions were localized in alternating polyelectrolyte layers of positive and negative charge after emersion from an aqueous electrolyte. The amount of remaining Br -ions as well as their distribution was found to be strongly influenced by the charge sign of the terminal layer and thus by the effective charge of the surface.
3.2.) Solid/liquid interfaces
The first study of solid/liquid interfaces using XSW fluorescence was carried out by Cowan et al. [22] . A short-period XSW was generated by Bragg reflection from the diffraction planes of an oriented silicon crystal. This configuration corresponds to Fig. 1 c, when medium 1 is the liquid phase, and the periodic solid structure represents the diffraction planes of the silicon crystal. Bromine atoms, covalently adsorbed onto the silicon surface from a methanol solution were spatially localized with crystallographic resolution from their angle-dependent characteristic fluorescence. In order for such a measurement to be sensitive to the interfacial element distribution, the amount of the element of interest at the interface must be at least comparable to the total amount of this element in the bulk liquid. In addition, absorption of the incident and fluorescence radiation in the liquid can constitute a significant experimental challenge that is typically approached by the use of microfluidic or nanofluidic chambers. Bedzyk and coworkers performed the first fluorescence study on a solid/liquid interface with a long-period XSW [51] . Ion distributions near a charged solid-supported model membrane surface were determined from fluorescence measurements around the total reflection ACCEPTED MANUSCRIPT 6 region. This configuration is best illustrated in Fig. 1 b, when medium 1 is the aqueous phase, medium 2 is the planar solid and the layers at the interface between the two media represent the supported model membrane. In that study, a substantial decrease in the extension of the diffuse ionic double layer with increasing ionic strength was observed, in qualitative agreement with the Gouy-Chapman model. Later on, distributions of Rb + and Sr + ions at a negatively-charged titanium oxide surface were probed with short-period standing waves [52] . The experiments enabled determining the partitioning of ions between the condensed and diffuse parts of the electric double layer. More recently, the end segment distribution of a polymer brush grafted to a solid surface was investigated [53] . Each end segment was covalently labeled with a Ge atom, of which the fluorescence was induced by an XSW under total reflection. End segment distributions were measured for the dry surface in air, where the end segments were found to be confined in a thin plane at a certain distance from the grafting surface (i.e., the reflecting surface). For the surfaces in contact with a good solvent for the polymers, a broad distribution was observed.
3.3.) Liquid/gas interfaces
The first XSW fluorescence study at a liquid/gas interface by Bloch et al. dealt with the distribution of Mn-labeled polymers near the interface between air and liquid DMSO [54] . The measurement configuration corresponds to Fig. 1a , when medium 1 is air and medium 2 is the liquid. It is worth noting that at the liquid/gas interface the liquid is the medium with higher electron density and thus higher SLD for x-rays, which is in contrast to the typical situation for solid/liquid interfaces. As a consequence, the liquid medium is probed with the exponentially decaying evanescent tail of the XSW under total reflection at the liquid/gas interface. This, in turn, means that undesired background fluorescence from the bulk liquid medium is suppressed, so that the interfacial distribution of chemical elements can be probed with high sensitivity, albeit with the inherently poorer spatial resolution associated with the evanescent wave. The methodology of XSW fluorescence under total reflection and its application to liquid/gas interfaces is explained in more detail in [31] .
3.3.1.) Ions at charged monolayers
In another study by Bloch et al., the excess of Mn 2+ ions at a negatively charged stearic acid monolayer immobilized at an air/water interface was quantified [55] . The absolute number of Mn 2+ ions per stearic acid molecule was worked out from the Mn fluorescence of the bulk solution with known MnCl 2 concentration and from the known area per stearic acid molecule. Using the same strategy, Daillant et al. determined excesses of counter-and co-ions at charged lipid monolayer as a function of monolayer lateral density and found a constant counter-ion to lipid ratio throughout the isotherm [56] . It should be mentioned that thin organic layers at an air/water interface, such as a surfactant monolayer, significantly influence the SLD profile across the interface and thus the shape of the XSW. This is in contrast to thin organic layers on the surface of a solid, where the electron density gradient is typically dominated by the surface of the dense solid medium, so that the thin organic layers only weakly affect the XSW. Later on, XSW fluorescence was employed by Antipina et al. to determine the protonation state of cationic lipids in monolayers at the air/water interface by quantification of the counter ion excess (Br -) as a function of pH and lipid lateral density [57] . In another study by the same group, the competitive adsorption excess of various monovalent and divalent cations to negatively charged behenylsulfate monolayers was determined and pronounced ion specificity was observed and interpreted in terms of different hydrated ion sizes [58] . Small monovalent cations were found to be able to compete with large divalent cations under certain conditions. More recently, excesses and approximate distributions of monovalent and divalent cations at comparatively realistic, negatively charged models of bacteria surfaces were determined in the absence and presence of cationic antimicrobial peptides [30, 59] . Fig. 3 shows angle-dependent K fluorescence intensities from a monolayer of mutant lipopolysaccharides (LPS Re, see inset) at an air/water interface on 100 mM KCl. Shown are relative intensities, after division by the intensities obtained at the same angles with the bare aqueous phase, i.e., in the absence of the monolayer. The solid line indicates the best-matching model, in which a narrow K + distribution with a maximum at z max = 5 Å from the interface between hydrophobic alkyl chains and hydrated saccharide headgroups is assumed. The agreement between experimental data and the model is very good. As indicated with the dashed line, the agreement is significantly worse when a broader distribution peaking at z max = 20 Å is assumed.
3.3.2.) Organic adsorbates and internal structure of organic layers
The amount of Br-labeled DNA adsorbed per unit area to a positively charged lipid monolayer was quantified by measurements of the characteristic fluorescence of Br under x-ray total reflection [60] . It was shown that the adsorption affinity of (multi-anionic) DNA to the surface is much stronger than that of anions, and, in contrast to the naïve expectation, increases with the solution's ionic strength. Approximate positions of heavy elements in surfactant and lipid monolayers at air/water interfaces were measured from their angle-dependent characteristic fluorescence around the critical angle of total reflection [61] . More recently, excesses and approximate depth profiles of complexed Ni 2+ ions and chemically bound S atoms in a bio-mimetic model system involving a complicated architecture of lipid and protein layers were determined [62] . 
3.4.) Liquid/liquid interfaces
XSW fluorescence work on liquid/liquid interfaces is still sparse, mainly because of the experimental challenges associated with liquid/liquid interfaces in general, for instance interfacial curvature induced by menisci. In addition, the attenuation of incident and fluorescence radiation by the liquid media and the requirement of horizontal sample geometries pose limitations to the fluorescence detection efficiency. Only recently, Bu et al. reported the quantification by XSW fluorescence under total reflection of heavy ion amounts immobilized at oil/water interfaces via extractant molecules [64, 65] . Their measurement configuration corresponds to Fig. 1a when medium 1 is the oil phase and medium 2 the aqueous phase.
3.5.) Light elements at soft interfaces
Most XSW fluorescence work on soft interfaces has so far dealt with the fluorescence of comparatively heavy elements, which facilitates the experiments due to their high fluorescence yields. Even models of biological surfaces have typically been labeled, in one way or another, with heavy elements that are not naturally abundant in biological matter. In contrast, comparatively light elements like P and S are found ubiquitously in all main classes of biomolecules covalently bound at well-known position in the chemical structures. P and S, but also the light but biologically relevant ions Na + and Mg 2+ are, thus, highly interesting targets for XSW fluorescence studies. However, only a handful of studies report on the localization of such light elements by XSW fluorescence [62, 66, 67] . For example, Zheludeva et al. determined the distribution of phosphorus in a relatively thick (>100 nm) protein/phospholipid film at an air/water interface [67] . All these studies dealt with either gas/liquid or gas/solid interfaces, where limitations due to the adsorption of low-energy incident and fluorescence radiation as well as undesired background fluorescence are largely circumvented. Future studies on light elements at solid/liquid or liquid/liquid interfaces will have to tackle these challenges.
4.) Standing wave fluorescence with neutrons
Fluorescence induced by neutron standing waves (NSW) is based on the emission of radiation after neutron capture and is applicable to systems containing nuclides with high cross sections for neutron capture -such as Li -(see Table 1 ) , or where they can be used as labels. Not all strong neutron capturers are heavy elements. Boron (B), for instance, is light and more generally applicable as a label from a chemical viewpoint, as it is accessible to covalent chemistry.
Nuclide
Natural abundance (%) Table 1 : Thermal neutron capture cross sections σ of various nuclides for neutrons with a velocity of v = 2200 m/s [68] , corresponding to a wavelength of λ = 1.8 Å . Note that σ exhibits strong λ-dependence and is significantly higher for measurements with cold neutrons. For example, σ( 157 Gd) = 580,000 Barns at λ = 5 Å.
4.1.) Thin films on solid surfaces
The first NSW fluorescence experiments performed at NIST in then 1990s by Zhang et al. [27] exploited the phenomenon of prompt γ emission (PGE) after neutron-capture. In this study the authors report on simultaneous measurements of the characteristic γ fluorescence at 182 keV from the corresponds to the one illustrated in Fig. 1b , when medium 1 is air and medium 2 the solid support. Below the critical angle of total reflection, enhanced γ fluorescence was observed for incident angles that also exhibited pronounced minima in neutron reflectivity (Fig. 5 a and b) . These minima correspond to reflection conditions where the neutron standing waves are resonantly amplified in the film and thus most strongly absorbed by the Gd 2 O 3 layer. By simultaneously fitting γ-fluorescence intensity and reflectivity data the authors were able to characterize the depth profile of the polymer film and to localize the Gd 2 O 3 layer. The sensitivity of the combination of fluorescence and reflectivity data to the buried Gd 2 O 3 layer and its depth profile was demonstrated to surpass that of neutron reflectivity analysis alone.
NSW fluorescence experiments on solid-supported layered films were also performed by Aksenov and coworkers. In a study on a layered magnetic Fe/Gd structure deposited on a glass substrate, two polarization states of a neutron beam were used. The difference between the NSW formed with the two polarization states was quantified via the characteristic γ fluorescence after neutron capture by Gd [69] . In another study [70] , neutron resonance in a 6 LiF/Ti /Cu/glass layered structure was quantified in simultaneous measurements of neutron reflectivity and the 6 Li(n, α) 3 H nuclear reaction as fluorescence signal. The observation of the neutron density resonant character in the Ti spacer needed a neutron absorbing layer which was the 6 LiF cap layer itself. Similarly to the work of Zhang et al. [27] , minima in the reflectivity curve correspond to maxima in the α and 3 H emission, i.e., the fluorescence intensity. This intensity maximum reflects the amplification of the NSW in the 6 LiF cap layer as it results from the resonance condition in the spacer layer. In another study by Aksenov and co-workers it was shown that experiments with NSW can yield specific structural information without the use of element-specific fluorescence radiation [71] . A NSW with a particular spin state was generated in a Cu /Ti /Co/Ti multilayer structure on a glass substrate in a magnetic field. The standing wave was used to localize with high spatial resolution a "spin flipper layer" that causes changes in the neutron spin. An overview of NSW fluorescence experiments on solid-supported thin layers and the theory for data interpretation is given in [72] , and the technique is further reviewed in [73] .
4.2.) Solid/liquid interfaces
More recently, NSW fluorescence was used by Schneck et al. for the study of a lipid membrane at a planar solid/water interface [33] . The architecture of the sample is illustrated in the inset of Fig. 6a . The membrane was labeled with 157 
Gd
3+ ions bound from a dilute aqueous GdCl 3 solution to chelator motifs at the membrane surface at a lateral density as low as one Gd atom per nm 2 . The Gd amount in this sub-monolayer was more than two orders of magnitude lower than in the in the bulk Gd or Gd 2 O 3 layers investigated in previous studies, so that an unprecedented sensitivity for the characteristic fluorescence at 182 keV from the Gd labels was required. Strict surface sensitivity was achieved by illumination of the solid/liquid interface with the neutron beam entering through the solid medium, a silicon crystal. This measurement configuration corresponds to the one illustrated in Fig. 1b , when medium 1 is silicon and medium 2 the aqueous phase. The latter is probed only with the exponentially decaying evanescent tail of the NSW under total reflection conditions, i.e., for θ < θ c , so that fluorescence background from Gd in the bulk aqueous medium is suppressed. A condition of total reflection of the neutron beam from the aqueous phase at the solid/water interface is conveniently realized when heavy water (D 2 O) with a high SLD, is used instead of normal light water (H 2 O). This is in contrast to the case of x-rays, because the electron density of water is lower than that of commonly used solids. In order to further improve the sensitivity additional measures were taken: Under-illumination of the interface at all incident angles was ensured through a narrow neutron beam collimation. Moreover, great care was taken to shield the γ-detector from background radiation. The main panel of Fig. 6a shows angle-dependent intensities of the neutroninduced fluorescence of 157 Gd from the labeled membrane surface illustrated in the figure inset. The lines superimposed on the data points represent theoretical predictions of the angle-dependent fluorescence intensities for various positions z 0 of the 157 Gd labels with respect to the membrane surface. Only solid black and dashed red lines, corresponding to z 0 = 0.5 nm and z 0 = 1 nm, respectively, are in agreement with the measured data points within the error, while the other two scenarios can be excluded. These result demonstrated that NSW fluorescence has the potential to localize labeled molecules at solid/liquid interfaces with nanometer precision. In the same study [33] the label density was probed down to lower surface densities by reducing the complexation efficiency between Gd 3+ and the chelator motifs. The result was in good qualitative agreement with titration curves of the chelator-Lanthanide complexes.
In a very recent experiment the method was extended to labeled proteins [74] . The protein neutravidin (NA, from Life Technologies, Darmstadt, Germany), a deglycosylated version of streptavidin (SA), was labeled with
157
Gd using the commercially-available labeling tool PROTrack TM (BioPAL Inc., Worcester MA, USA) and then bound from a dilute aqueous GdCl 3 solution (5µM GdCl 3 , 2.5 mg/mL NA, 100 mM NaCl, 5 mM MES, pH 6) to a solid-supported lipid bilayer (SOPC) containing 5 mol% biotinylated lipid (DOPE-cap-biotinyl, Avanti Polar Lipids, Alabaster AL, USA). The biotin-SA complex is known for its strong affinity and stability. The sample architecture is illustrated in the inset of Fig. 6b . In this study performed on D16 at the ILL (Grenoble, France), the instrument setup and the methods were the same as described in [33] . The main panel of Fig. 6b shows angledependent intensities of the neutron-induced fluorescence of 157 Gd from the labeled NA proteins as illustrated in the figure inset. The line superimposed on the data points represents a model prediction of the fluorescence intensities for a broad distribution (fwhm: 2.5 nm) of 157 Gd centered 2nm above the surface of the supported lipid bilayer. This plausible scenario is in agreement with the data points. However, the statistics of the experimental data were insufficient for a precise determination of the label distribution. In fact, the low absolute intensity of the characteristic γ-fluorescence suggested that the protein was rather poorly labeled with 157 Gd, at the order of one Gd atom per protein, corresponding to the order of one Gd atom per 10 nm 2 . It should be noted that in all these NSW fluorescence experiments at the solid/liquid interface a monochromatic cold neutron beam was used. The use of the recently upgraded D16 instrument at the ILL (x10 flux gain at the sample) or time-of-flight neutron reflectometers with much higher neutron flux could further improve the sensitivity by an order of magnitude.
4.3.) Liquid/liquid interfaces
An interesting application for NSW fluorescence in the future may be the element-specific structural investigation of liquid/liquid interfaces. At first, a high contrast in neutron SLD can be achieved at the interface between the two liquids via selective deuteration, which is in contrast to the case of x-rays, where typical liquids tend to have similar electron densities and thus x-ray SLDs. Secondly, many liquids have low absorption coefficients for neutrons, so that the liquid/liquid interface is conveniently accessible. Finally, the high energy fluorescence photons induced by the NSW can easily penetrate through thick liquid layers and thus be effectively detected. With that, NSW fluorescence may be a powerful technique in the field of separative chemistry, in particular for the extraction of lanthanides, such as Gd, at oil/water interfaces [75] .
5.) Concluding Remarks
Over the last five decades SW fluorescence techniques with x-rays and neutrons have constantly evolved and become versatile tools for the element-specific structural characterization of various sorts of interfaces including "soft" interfaces with liquid media as well as biomolecular layers at planar interfaces. SW fluorescence can therefore be expected to find more common use also in softmatter and biological sciences. The localization of several biologically relevant yet comparatively light elements is still challenging but technically feasible. With that, the label-free element-specific structural characterization of biological matter in planar interfacial geometries with nearcrystallographic resolution is within reach. Such studies will reveal the structure of biomolecular systems with unprecedented detail and also allow for comprehensive comparison with atomistic computer simulations. 
